Abstract -Anisotropic photonic materials with linear dichroism property are crucial components in many sensing, imaging and emerging light based quantum communication applications. Such materials play an important role as polarizers, filters, wave-plates, phase-matching elements in photonic devices and circuits. Conventional crystalline materials with optical anisotropy typically show strong unidirectional linear dichroism over a broad wavelength range and even bandgap variations along different crystal directions. On the other hand, the linear dichroism conversion phenomenon -the orthogonal switch in the principle dichroism axis of the material across different optical wavelength -has not been observed in crystalline materials. Here, we report the investigation of the unique linear dichroism conversion phenomenon in quasi-one-dimensional (quasi-1D) hexagonal perovskite chalcogenide BaTiS3. The material shows record level of optical anisotropy within the visible wavelength range. In contrast to conventional anisotropic optical materials, the linear dichroism polarity in BaTiS3 makes an orthogonal change at an optical wavelength corresponding to the photon energy of 1.78 eV. First principle calculations reveal that this anomalous linear dichroism conversion behavior originates from different selection rules of the optical transitions from the parallel bands in the BaTiS3 material. Wavelength dependent polarized Raman spectroscopy further confirms this phenomenon. Such material with linear dichroism conversion property can facilitate new ability to control and sense the energy, phase, and polarization of light, and lead to novel photonic devices such as polarization-wavelength selective detectors and lasers for multispectral imaging, sensing and optical communication applications.
Introduction
Linear dichroism refers to the difference between the absorption of light polarized along the parallel and perpendicular directions with respect to a specific orientation axis of a natural or artificial crystal. 1 Strong linear dichroism can be obtained by designing the micro/nanostructures in metamaterials, which can be used in optical components including polarizers and wave plates. [2] [3] [4] [5] [6] In naturally occurring crystals, the linear dichroism typically arises from the reduced symmetry in the crystal lattice that depends on the specific crystal structure and the elemental composition. [7] [8] [9] [10] [11] [12] [13] [14] Besides improving the performance of traditional optical components, these anisotropic crystals can enable polarization-sensitive photonic devices [15] [16] [17] [18] [19] [20] important for many emerging sensing and communication applications.
Materials with strong optical anisotropy usually have a reduced level of crystal symmetry which often exists among low-dimensional crystals, such as two-dimensional (2D) 10 and onedimensional (1D) materials 21 , as well as in bulk materials 22 . Layered black phosphorus (BP) with reduced in-plane crystal symmetry has attracted considerable attention due to the strong anisotropy in its vibrational 23 , optical 9 and electrical properties 10 . Other 2D and 1D materials, such as ReX2
(X=S and Se) 12, 13 , AX (A=Ge, Sn, Tl; X=S and Se) [24] [25] [26] [27] [28] and carbon nanotubes 29 , have also demonstrated linear dichroism. However, in these materials, the linear dichroism polarity is uniform within a very broadband wavelength range, i.e. the absorption of light polarized along one particular direction is always stronger than that along other directions. 16, 24, 25 Recently, members of the ternary perovskite chalcogenides family 30, 31 including BaTiS3 32 and Sr1-xTiS3 33 were demonstrated to possess pronounced anisotropic optical responses in the mid-wave IR (MWIR) and long-wave IR (LWIR) spectral ranges. In those materials, parallel quasi-one-dimensional (quasi-1D) chains are formed by face-sharing the TiS6 octahedra. The giant birefringence and linear dichroism in the MWIR and LWIR region result from the large structural and chemical anisotropy between the intra and inter-chain directions.
In this work, we reveal a unique linear dichroism conversion phenomenon in the quasi-1D BaTiS3 material. Observed using reflectance anisotropy spectroscopy, the ultra-high level of linear dichroism in BaTiS3 in the visible range exceeds that in any other crystalline materials, and an anomalous linear dichroism conversion occurs at the photon energy of 
Results
Large single-crystal platelets of BaTiS3 with lateral dimensions on the order of several millimeters were grown by the vapor transport method using iodine as a transport agent. 32 The quasi-1D
BaTiS3 crystallizes in a hexagonal structure as shown in Figure 1a and 1b. In BaTiS3, BaS6 octahedra sharing common faces are connected to form parallel chains along the c axis, which is the axis of six-fold rotation symmetry in the material. BaTiS3 belongs to an emerging family of inorganic perovskite materials with a general chemical formula, ABX3, where A is typically an alkaline earth or alkali metal ion, and B is a transition metal ion surrounded by six anions (X). [30] [31] [32] [33] . The A ions are encapsulated within the hexagonal BX6 structure. The interaction within the BX6 cell is much stronger than that among the BX6 cells. This is analogous to two-dimensional layered materials, which has strong covalent bonds within the lattice plane but only weak van der Waals coupling between the layers. Thus, bulk BaTiS3 can be exfoliated into thin flakes with thickness below tens of nanometers, as shown in the optical micrograph in Figure 1c . The atomic force microscope (AFM) is used to confirm the thickness of the flake ( Figure S1 ). Energy-dispersive Xray spectroscopy (EDS) mapping shows the expected elemental composition (Figure 1d the DLP is observed to be less than 0, and it becomes greater than 0 for photon energies above 1.78 eV. At the photon energy range between 1.65 eV and 1.71 eV, the magnitude of the DLP reaches above 0.9, indicating the ultra-high level of linear dichroism in BaTiS3 within this wavelength range. This DLP is much higher than that in other naturally existing materials with strong linear optical dichroism including black phosphorus 9 and ReS2 35 . It is also close to the record value achieved in the artificial plasmonic metasurfaces 2 .
Anisotropic absorption spectra are observed by changing the polarization angle (θ) (it's defined as the angle between the polarization of incident beam and a-axis) from 0° to 360°, as shown in Figure 2c . At the vicinity of 1.7 eV photon energy, the maximum reflectance is observed at the angle of 90° and 270°, and for photon energy around 2.0 eV, the maximum reflectance is observed at the angle of 0° and 180°. Figure 2d shows the polar plots of the reflectance at the photon energies The results in Figure 2c hence reveals the linear dichroism conversion in the material.
To explore the origin of the linear dichroism conversion, the calculation of the polarizationresolved absorption spectra of BaTiS3 is performed using DFT (see Method), as shown in Figure   3a . One prominent peak is observed along the a-axis at 2.0 eV excitation photon energy. On the other hand, along the c-axis, there are three narrow peaks at 1.15 eV, 1.6 eV and 2.33 eV, resulting in a valley at 1.9 eV. Hence, the calculated polarization-resolved absorption spectra predict a linear dichroism conversion from 1.5 to 2.3 eV and the crossover occurs at 1.8 eV. The calculation results agree well with the experimental data. When the photon energy is larger than 2.3 eV, the theoretical results indicate that the linear dichroism becomes weak, which also agrees with the experimental results in Figure 2b . The calculated polarization-resolved reflection spectra are also shown in Figure S3 , which shows good agreement with experimental reflection spectra in Figure S2 . To further understand the origin of the peaks in the absorption and reflection spectra, the band structure and density of states (DOS) in BaTiS3 are calculated as shown in Figure 3b . Optical transition matrix element (dipole-transition selection rule) is also considered in the calculation.
The optically-allowed transitions between a series of parallel bands corresponding to the narrow reflection peaks are indicated in Figure 3b .
Along the a-axis, the peak at 2.0 eV is assigned to the transition between the pz orbital of the S atom to the dyz and dxz orbitals of the Ti atom. Along the c-axis, the peak at 1.15 eV is due to the transition between the pz orbital of the S atom to the dz 2 orbital of the Ti atom. The transition between the px and py orbitals of the S atom and the dyz and dxz orbital of the Ti atom lead to the peak at 1.6 eV. Moreover, the peak at 2.3 eV originates from the transition between the pz orbital of the S atom and the dxy and dx 2 -y 2 orbitals of the Ti atom. The orbitals corresponding to the relevant energy bands are labeled in Figure 3b . Figure 3c-3g show the partial charge densities for the states in Figure 3b . It is worth noting that the highlighted conduction and valence bands in Figure 3b are almost parallel to each other, which resembles the band structure features in twisted bilayer graphene. [36] [37] [38] These parallel bands would lead to the localized joint density of states (absorption peaks) at the specific photon energies. In the twisted bilayer graphene, the localized joint density of states leads to absorption wavelength (photon energy) that is highly dependent on the twisting angles between the two graphene layers. Here, the wavelength dependence of the linear dichroism polarity (linear dichroism conversion) arises in BaTiS3 due to the absorption peaks along the two principal crystal directions being strongly localized at different energies.
The Raman spectroscopy can reveal polarization-resolved phonon characteristics in many nanomaterials. Indeed, the Raman tensor of low-symmetry crystal always shows a high degree of anisotropy. [39] [40] [41] However, the Raman scattering process typically involves both electron-phonon (Raman tensor) and electron-photon interactions (dipole-transition selection rule). 40 According to the second-order perturbation theory, the polarization-resolved Raman intensity
where (θ) and (θ) are the optical transition matrix elements of the incident and scattered light, respectively, and ℎ (θ) is the matrix element of the electron-phonon interaction. 42 The Raman spectra of BaTiS3 are measured under the excitation of 1.71 eV, 1.96 eV and 2.33 eV lasers with the incident polarization parallel to the a-axis, as shown in Figure 4a .
There are two prominent peaks at 186 cm -1 and 380 cm -1 . The normal mode displacements of these two phonon modes are calculated using density functional perturbation theory (DFPT) and shown in Figure 4b . Because the BaTiS3 has a D6h symmetry, according the vibrational displacement, we classified these two phonon modes as 1 , and denoted them as 1 1 and 1 2 based on their frequencies, respectively.
Since the 1 1 mode disappears at 1.71 and 1.96 eV excitations, here we focus on discussing the eV, as shown in Figure S4 ) where the linear dichroism is also week (as shown in Figure S2 and S3), the linear dichroism also can be neglected, the principal polarization orientation of the 1 2 mode should be the same as that under the excitation of 2.33 eV and with the similar 2 2 ⁄ (as shown in Figure S4 ). However, due to the presence of strong linear dichroism at 1.96 eV excitation energy, the principal polarization orientation of the 1 2 mode becomes almost parallel to that of the absorption, i.e. almost perpendicular (~85°) to that of the 1 2 mode under the excitation of 2.33 eV photon energy. It indicates that the linear dichroism plays a more dominant role at this excitation wavelength. As a result, the principal polarization orientation of the 1 2 mode observed in Raman spectroscopy is dominated by the absorption instead of the electron-phonon-interaction, which further confirms the strong linear dichroism of the BaTiS3 under the excitation of 1.96 eV.
Under the 1.71 eV excitation energy where it has the orthogonal linear dichroism compared with 1.96 eV excitation, the principal polarization orientation of the 1 2 mode in the Raman spectrum is parallel to that with 2.33 eV excitation and shows even higher level of anisotropy. As shown in Figure 4c and 4d, the ratio between the maximum and minimum of θ-dependent Raman intensities: DFT Calculations: DFT code Vienna ab initio simulation package (VASP) 44 was used to perform the structural relaxation within the projector augmented wave method 45, 46 and a plane-wave basis.
The exchange correlation potential is treated within the generalized gradient approximation (GGA).
The electronic structures, charge density and optical properties were then obtained using the GGA + U method 47 . U is the Coulomb parameter. A 16×16×16 k-mesh is used to sample the Brillouin zone for BaTiS3 unit cell. The energy cutoff for the plane-wave basis is 400 eV. All atoms are fully relaxed until the residual force per atom is smaller than 1×10 -5 eV•Å -1 .Phonon frequencies are calculated using DFPT 48 , as implemented in VASP. 
